Pulmonary infection in critically ill patients results in an unacceptably high mortality and morbidity, which increases the length of hospital stay and associated health‐care costs.[^1^](#cptclpt2014131-bib-0001){ref-type="ref"} ^,^ [^2^](#cptclpt2014131-bib-0002){ref-type="ref"} Approximately 16% of patients admitted to intensive care units present with a pulmonary infection.[^3^](#cptclpt2014131-bib-0003){ref-type="ref"} In addition, the lung is the primary site of infection in more than 60% of nosocomial infections occurring within intensive care units.[^3^](#cptclpt2014131-bib-0003){ref-type="ref"} Attributable mortality from ventilator‐associated pneumonia (VAP) is estimated to be 13% but may be as high as 69% in certain subgroups.[^4^](#cptclpt2014131-bib-0004){ref-type="ref"} Pulmonary infections in critically ill patients are caused by a wide range of organisms, including difficult‐to‐treat organisms such as *Pseudomonas aeruginosa*.[^5^](#cptclpt2014131-bib-0005){ref-type="ref"} The use of appropriately targeted antimicrobial chemotherapy is associated with improved clinical outcomes.[^6^](#cptclpt2014131-bib-0006){ref-type="ref"} However, clinical outcomes in patients who are infected with a susceptible organism and who are receiving an appropriate antimicrobial agent remain suboptimal. This is partly due to marked pharmacokinetic (PK) variability occurring in critically ill patients.[^7^](#cptclpt2014131-bib-0007){ref-type="ref"} The PK of critically ill patients may be affected by physiological changes associated with illness, which typically result in a higher proportion of patients receiving suboptimal drug exposure when a fixed regimen is used.[^7^](#cptclpt2014131-bib-0007){ref-type="ref"} ^,^ [^8^](#cptclpt2014131-bib-0008){ref-type="ref"} ^,^ [^9^](#cptclpt2014131-bib-0009){ref-type="ref"} In addition, many currently licensed drug regimens are informed by studies performed in non--critically ill patients, and may not necessarily be appropriate outside that context.

Piperacillin--tazobactam is a combination of an extended‐spectrum β‐lactam antibiotic (piperacillin) and a β‐lactamase inhibitor (tazobactam). Piperacillin--tazobactam has a broad spectrum of action that includes Gram‐positive, Gram‐negative, and anaerobic bacteria.[^10^](#cptclpt2014131-bib-0010){ref-type="ref"} Consequently, piperacillin--tazobactam is a common choice for both directed and empirical treatment of critically ill patients.[^11^](#cptclpt2014131-bib-0011){ref-type="ref"} The pharmacodynamic index that best links piperacillin concentrations with its antimicrobial effect is the fraction of the dosing interval that unbound piperacillin concentrations are above the minimum inhibitory concentration (MIC).[^12^](#cptclpt2014131-bib-0012){ref-type="ref"} Near‐maximal antimicrobial effect is generally observed when free piperacillin concentrations exceed the MIC for at least 50% of the dosing interval (50% fT~\<MIC~).[^13^](#cptclpt2014131-bib-0013){ref-type="ref"} However, 100% fT~\<MIC~ may be more appropriate for critically ill patients.[^14^](#cptclpt2014131-bib-0014){ref-type="ref"} The global increase in the incidence of antimicrobial resistance has focused attention on antimicrobial drug regimens that are safe and effective, and that also minimize the probability of the emergence of antimicrobial resistance.[^15^](#cptclpt2014131-bib-0015){ref-type="ref"} We recently used a hollow fiber infection model of piperacillin--tazobactam vs. *Pseudomonas aeruginosa* to demonstrate that a trough (*C* ~min~) total piperacillin concentration--to‐MIC ratio of between 3 and 10 prevents the emergence of antimicrobial resistance.[^16^](#cptclpt2014131-bib-0016){ref-type="ref"} Identification of piperacillin--tazobactam regimens that enable the attainment of pharmacodynamic targets for both efficacy and suppression of emergence of antimicrobial resistance may lead to improved clinical outcomes and increase the clinical longevity of this commonly used agent.

Adequate antibiotic concentrations at the site of infection are required for effective antimicrobial activity.[^17^](#cptclpt2014131-bib-0017){ref-type="ref"} For pulmonary infection, the epithelial lining fluid (ELF) represents a compartment that is both clinically relevant and accessible for measurement of drug concentrations.[^18^](#cptclpt2014131-bib-0018){ref-type="ref"} ^,^ [^19^](#cptclpt2014131-bib-0019){ref-type="ref"} In general, clinical β--lactam exposure--response relationships within ELF are poorly defined.[^18^](#cptclpt2014131-bib-0018){ref-type="ref"} An understanding of drug penetration into ELF and drug exposure--response relationships within that compartment is an important consideration when bridging from preclinical to clinical studies.[^20^](#cptclpt2014131-bib-0020){ref-type="ref"} The pulmonary penetration ratio, or partition coefficient, relates drug exposure in ELF to drug exposure in plasma. Healthy volunteer data suggest that the area under the concentration--time curve (AUC) in ELF is ≈25% and ≈50% of the plasma piperacillin and tazobactam AUCs, respectively.[^21^](#cptclpt2014131-bib-0021){ref-type="ref"} Although there is a general paucity of information regarding ELF penetration of antimicrobial agents in critically ill patients, two studies suggest that piperacillin and tazobactam ELF concentrations are ≈50% and 65--90% of their respective paired plasma concentrations.[^22^](#cptclpt2014131-bib-0022){ref-type="ref"} ^,^ [^23^](#cptclpt2014131-bib-0023){ref-type="ref"}

The primary aim of this clinical study was to quantify the pulmonary penetration of piperacillin and tazobactam in critically ill patients. We also investigated factors that may influence the penetration of drug into the lung. A PK pharmacokinetic model was used to describe the observed plasma and ELF concentrations of piperacillin and tazobactam in critically ill patients ([**Supplementary Table S1**](#cptclpt2014131-sup-0001){ref-type="supplementary-material"} online). Monte Carlo simulation was used to explore the impact of pharmacokinetic variability on plasma and ELF piperacillin exposures to achieve the desired pharmacodynamic target. In addition, the influence of pulmonary permeability on pulmonary piperacillin and tazobactam concentrations was investigated.

RESULTS {#cptclpt2014131-sec-0002}
=======

Pharmacokinetic study {#cptclpt2014131-sec-0003}
---------------------

Between June 2012 and July 2013, 18 critically ill patients with a mean age of 56 years and a mean APACHE II score of 15 were enrolled ([**Table 1**](#cptclpt2014131-tbl-0001){ref-type="table"}). One patient who was infected with a novel coronavirus was excluded from all analyses because of issues related to biosafety. First--dose pharmacokinetics (PK) were assessed in four patients. Steady--state PK were assessed in 17 patients who had received a mean of 8.8 doses (range: 2--16). Four patients were on renal replacement therapy and received piperacillin--tazobactam every 12 h. The remaining 13 patients received piperacillin--tazobactam every 8 h. Five patients received piperacillin--tazobactam over 5 min, whereas the remaining 12 patients received piperacillin--tazobactam over 30 min. In total, 128 plasma and 31 ELF samples were obtained for pharmacokinetic analyses. Three piperacillin plasma samples, 3 piperacillin ELF samples, and 14 tazobactam plasma samples were below the limit of assay quantification.

###### 

Table showing the patients\' underlying demographics, severity of disease, and outcome

![](CPT-96-438-g008){#nlm-graphic-1}

Three nondirected bronchial lavage (NBL) specimens (two from a single patient) were not collected because of a clinical requirement for a high fraction of inspired oxygen that precluded sampling. A single patient had a drop in oxygen saturation from 95 to 88% that required a temporary increase in the fraction of inspired oxygen. A change in oxygen saturation was not observed in any other patient. No other changes in respiratory or cardiovascular parameters were observed in the 4 h after collection of the other NBL samples.

Population PK analysis {#cptclpt2014131-sec-0004}
----------------------

The fit of the mathematical model to the observed data was acceptable. A linear regression of the predicted‐vs.‐observed plasma piperacillin and tazobactam concentrations revealed the following relationship: observed piperacillin concentration = 0.884 × predicted piperacillin concentration + 2.01; *r* ^*2*^ = 0.901. Similarly, the observed tazobactam concentration = 0.880 × predicted tazobactam concentration + 0.165; *r* ^*2*^ = 0.839. A linear regression of the predicted and observed piperacillin and tazobactam concentrations in the ELF was given by observed piperacillin concentration = 0.790 × predicted piperacillin concentration − 1.65; *r* ^*2*^ = 0.812; and observed tazobactam concentration = 0.827 × predicted tazobactam concentration + 1.21; *r* ^*2*^ = 0.878. For plasma piperacillin and tazobactam concentrations, the mean weighted biases were −0.00999 and 0.0214, respectively, and the bias‐adjusted mean weighted precision values were 25.5 and 1.22, respectively. For piperacillin and tazobactam concentrations in ELF, the mean weighted biases were −0.057 and 0.169, and the bias‐adjusted mean weighted precision values were 0.124 and 7.23, respectively. The parameter estimates from the population analysis are summarized in [**Table 2**](#cptclpt2014131-tbl-0002){ref-type="table"}. The intercompartmental piperacillin clearances between the central and peripheral and central and ELF compartments were 153.87 and 2.64 l/h, respectively. The intercompartmental tazobactam clearances between the central and peripheral and central and ELF compartments were 144.15 and 6.45 l/h, respectively. The volumes of the peripheral compartments were 7.65 and 6.78 l for piperacillin and tazobactam, respectively.

###### 

Piperacillin and tazobactam population pharmacokinetic parameter estimates obtained by Pmetrics
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External validation of the population PK analysis {#cptclpt2014131-sec-0005}
-------------------------------------------------

A plot of observed piperacillin and tazobactam concentrations from a previously published study overlaid by the predicted 5th, 25th, 50th, 75th, and 95th percentile drug concentrations from this study (simulated using the population PK model) revealed a high degree of concordance ([**Figure 1**](#cptclpt2014131-fig-0001){ref-type="fig"}).[^22^](#cptclpt2014131-bib-0022){ref-type="ref"}

![External validation of the piperacillin and tazobactam population model. The panels in the top row show total plasma drug concentrations, and the lower panels show ELF drug concentrations. Each panel shows the median drug concentration (solid black line), the interquartile range (shaded gray area), and the 5th and 95th percentiles (dotted black lines). Overlying data points represent observed data from Boselli *et al.* [^22^](#cptclpt2014131-bib-0022){ref-type="ref"} ELF, epithelial lining fluid.](CPT-96-438-g001){#cptclpt2014131-fig-0001}

Plasma piperacillin/tazobactam concentration and pulmonary penetration {#cptclpt2014131-sec-0006}
----------------------------------------------------------------------

Simulated concentration--time profiles, showing the median and 5th, 25th, 75th, and 95th percentile drug concentrations in both plasma and ELF after administration of five simulated doses of 4 g of piperacillin and 0.5 g of tazobactam, each as a 30--min infusion every 8 h, are shown in [**Figure 2**](#cptclpt2014131-fig-0002){ref-type="fig"}. The median AUC~ELF~/AUC~unbound\ plasma~ penetration ratio was 49.3% (range: 2.0--515.9%) for piperacillin and 121.2% (range: 11.0--391.3%) for tazobactam.

![concentration--time profiles for piperacillin (left) and tazobactam (right). The top panel compares total drug concentration (dotted line), unbound drug concentration (solid black line), and ELF drug concentration (solid gray line). The middle panels show unbound plasma concentration, and the lower two panels show ELF concentrations with median drug concentration (solid black line), the interquartile range (shaded gray area), and the 5th and 95th percentiles (dotted black lines). ELF, epithelial lining fluid.](CPT-96-438-g002){#cptclpt2014131-fig-0002}

Simulated plasma and ELF exposures for each individual patient (using the Bayesian posterior parameter estimates) enabled an assessment of the drug penetration from plasma to ELF and of the interrelationship between the two coadministered drugs. There was no statistically significant correlation between ELF piperacillin exposure (AUC~ELF~) and unbound plasma piperacillin exposure (AUC~unbound\ plasma~) (*r* = 0.369, *P* = 0.159; [**Figure 3**](#cptclpt2014131-fig-0003){ref-type="fig"}). Similarly, there was no statistically significant correlation between ELF tazobactam exposure (AUC~ELF~) and unbound plasma tazobactam exposure (AUC~unbound\ plasma~) (*r* = 0.306, *P* = 0.248; [**Figure 3**](#cptclpt2014131-fig-0003){ref-type="fig"}). Unbound tazobactam exposure in the plasma of critically ill patients was statistically significantly positively correlated with unbound piperacillin plasma exposures (AUC~unbound\ plasma~) (*r* = 0.864; *P* \< 0.0001; [**Figure 4**](#cptclpt2014131-fig-0004){ref-type="fig"}). There was also a statistically significant positive correlation between tazobactam and piperacillin ELF exposures (AUC~ELF~) (*r* = 0.604; *P* = 0.013; [**Figure 4**](#cptclpt2014131-fig-0004){ref-type="fig"}).

![Relationship between unbound plasma and ELF drug concentrations for piperacillin (left) and tazobactam (right) for each of the observed trial patients (black dots) and for 5,000 simulated patients (small gray dots). AUC, area under the concentration--time curve; ELF, epithelial lining fluid.](CPT-96-438-g003){#cptclpt2014131-fig-0003}

![Comparison of the piperacillin and tazobactam exposures in the plasma (left) and ELF (center), as well as the plasma: ELF ratio (right). The dotted lines illustrate the 8:1 ratio of piperacillin to tazobactam in the administered piperacillin 4.0 g/tazobactam 0.5 g preparation. AUC, area under the concentration--time curve; ELF, epithelial lining fluid.](CPT-96-438-g004){#cptclpt2014131-fig-0004}

Mean pulmonary permeability, as estimated by the ratio of urea‐corrected total protein in ELF to plasma total protein concentration, was 0.1226 (median = 0.0795; SD = 0.1155). A statistically significant negative correlation was observed between the piperacillin penetration ratio (AUC~ELF~/AUC~unbound\ plasma~) and pulmonary permeability (*r* = −0.593; *P* = 0.016; [**Figure 5**](#cptclpt2014131-fig-0005){ref-type="fig"}). By contrast, no statistically significant correlation was seen between the tazobactam penetration ratio (AUC~ELF~/AUC~unbound\ plasma~) and pulmonary permeability (*r* = −0.064; *P* = 0.815; [**Figure 5**](#cptclpt2014131-fig-0005){ref-type="fig"}).

![Comparison of the plasma: ELF ratio for piperacillin (left) and tazobactam (right) exposure with pulmonary permeability. AUC, area under the concentration--time curve; ELF, epithelial lining fluid.](CPT-96-438-g005){#cptclpt2014131-fig-0005}

Probability of target attainment analysis {#cptclpt2014131-sec-0007}
-----------------------------------------

Monte Carlo simulation was used to estimate the probability of achieving predefined pharmacodynamic targets. The results of the probability of target attainment analysis for piperacillin are shown in [**Figure 6**](#cptclpt2014131-fig-0006){ref-type="fig"}. The administration of 4 g piperacillin three times daily, as a 30‐min infusion to treat an organism with a MIC of 1 mg/l, resulted in 96, 77, and 64% of patients achieving a pharmacodynamic target of 50% fT~\>MIC~, 100% fT~\>MIC~, and *C* ~min~/MIC \> 3.4, respectively. The treatment of an organism with a MIC of 16 mg/l (i.e., the current recommended breakpoint for *Pseudomonas aeruginosa*)[^24^](#cptclpt2014131-bib-0024){ref-type="ref"} ^,^ [^25^](#cptclpt2014131-bib-0025){ref-type="ref"} resulted in 54, 20, and 6% patients achieving a pharmacodynamic target of 50% fT~\>MIC~, 100% fT~\>MIC~, and *C* ~min~/MIC \> 3.4, respectively.

![Results of the Monte Carlo simulation with the probability of target attainments, for unbound (solid line) and ELF (dashed line) piperacillin, against a range of MICs. The pharmacodynamic targets are the fraction of patients whose drug concentration was about the MIC for 50% (left panel) or 100% (middle panel) of the dosing interval and the fraction of patients whose trough piperacillin concentration to MIC ratio was ≥3.4. Histogram shows MIC distribution for organisms causing hospital‐acquired and ventilator‐associated pneumonia.[^26^](#cptclpt2014131-bib-0026){ref-type="ref"}ELF, epithelial lining fluid; MIC, minimum inhibitory concentration.](CPT-96-438-g006){#cptclpt2014131-fig-0006}

The predicted target attainments in plasma and ELF, for each MIC, were similar. For example, the target attainment rates using an end point of unbound piperacillin concentrations that were 50% fT~\>MIC~ were 96 and 54% for MICs of 1 and 16 mg/l, respectively. In comparison, the use of the same pharmacodynamic target in ELF (i.e., 50% T~\>MIC~) resulted in target attainment rates of 94 and 48% for MICs of 1 and 16 mg/l, respectively. For the most susceptible organisms (i.e., having MICs in the range 0.25--1 mg/l), both the unbound plasma and ELF concentrations were above the MIC for 50% of the dosing interval in \>90% of simulated patients.

From the frequency distribution of piperacillin--tazobactam susceptibilities of isolates causing hospital‐acquired and VAP, the overall response rate of critically ill patients with VAP can be estimated ([**Figure 6**](#cptclpt2014131-fig-0006){ref-type="fig"}).[^26^](#cptclpt2014131-bib-0026){ref-type="ref"} If piperacillin were administered empirically (i.e., the MIC is not known), 80% of critically ill patients with VAP would achieve plasma 50% fT~\>MIC~, and 77% of patients would achieve ELF 50% T~\>MIC~. By contrast, if piperacillin were administered in critically ill patients with VAP caused by a susceptible organism (i.e., MIC ≤ 16 mg/l), 86% of patients would achieve plasma 50% fT~\>MIC~, and 82% of patients would achieve ELF 50% T~\>MIC~. For suppression of emergence of antimicrobial resistance following empirical administration of piperacillin, 38% of critically ill patients with VAP would achieve plasma *C* ~min~/MIC \> 3.4, and 41% of patients would achieve ELF *C* ~min~/MIC \> 3.4. If piperacillin were administered to critically ill patients with VAP caused by a susceptible organism, 42% of patients would achieve plasma *C* ~min~/MIC \> 3.4, and 45% of patients would achieve ELF *C* ~min~/MIC \> 3.4.

DISCUSSION {#cptclpt2014131-sec-0008}
==========

Inspection of the concentration--time profiles for both piperacillin and tazobactam illustrates marked PK variability in critically ill patients ([**Figure 2**](#cptclpt2014131-fig-0002){ref-type="fig"}). The PK variability is notably more evident in the lung as compared with plasma for both compounds. The estimates of clearance and volume of the central compartment from the population PK model are consistent with previously published values.[^9^](#cptclpt2014131-bib-0009){ref-type="ref"} ^,^ [^27^](#cptclpt2014131-bib-0027){ref-type="ref"} ^,^ [^28^](#cptclpt2014131-bib-0028){ref-type="ref"} The validity and generalizability of our results are further suggested by the concordance of simulated concentrations from the population PK model with data from a previously published group of critically ill patients (see [**Figure 1**](#cptclpt2014131-fig-0001){ref-type="fig"}).[^22^](#cptclpt2014131-bib-0022){ref-type="ref"}

β‐Lactam antibiotics penetrate the lung by passive diffusion.[^18^](#cptclpt2014131-bib-0018){ref-type="ref"} ^,^ [^29^](#cptclpt2014131-bib-0029){ref-type="ref"} Diffusion into tissues is dependent on the concentration gradient across biological membranes, the surface area of the membrane, and a diffusion coefficent.[^30^](#cptclpt2014131-bib-0030){ref-type="ref"} The diffusion coefficient is principally influenced by the physicochemical characteristics of the drug (e.g., the degree of lipophilicity) and the extent of protein binding.[^31^](#cptclpt2014131-bib-0031){ref-type="ref"} ^,^ [^32^](#cptclpt2014131-bib-0032){ref-type="ref"} There was a positive correlation between plasma and ELF exposures for both piperacillin and tazobactam. However, these relationships did not reach statistical significance, which is unexpected and perhaps due to the modest number of patients in the study. In this study we used the ratio of total protein in ELF to plasma as a surrogate measure of lung permeability.[^33^](#cptclpt2014131-bib-0033){ref-type="ref"} We expected to see an increase in the diffusion of drug with an increasing pulmonary protein penetration. However, we observed a statistically significant negative correlation between the piperacillin pulmonary penetration ratio (AUC~ELF~/AUC~unbound\ plasma~) and pulmonary permeability ([**Figure 5**](#cptclpt2014131-fig-0005){ref-type="fig"}). As pulmonary permeability increased, there was a reduction in the relative proportion of piperacillin penetrating the lung. For tazobactam, there was no statistically significant correlation between the pulmonary penetration ratio (AUC~ELF~/AUC~unbound\ plasma~) and pulmonary permeability. The relationship between pulmonary permeability and pulmonary drug concentration has not previously been investigated for β‐lactam antibiotics. Pulmonary vancomycin penetration has been shown to be higher in patients with increased pulmonary permeability as measured by ELF albumin concentration.[^34^](#cptclpt2014131-bib-0034){ref-type="ref"} Lung penetration of β‐lactam antibiotics has been shown to be dependent on plasma albumin concentration.[^31^](#cptclpt2014131-bib-0031){ref-type="ref"} ^,^ [^35^](#cptclpt2014131-bib-0035){ref-type="ref"} ^,^ [^36^](#cptclpt2014131-bib-0036){ref-type="ref"} Increased tissue penetration occurs when higher unbound plasma β‐lactam antibiotic concentrations are observed in patients with hypoalbuminemia. This phenomenon primarily affects highly protein bound agents such as ertapenem and flucloxacillin.[^31^](#cptclpt2014131-bib-0031){ref-type="ref"} ^,^ [^35^](#cptclpt2014131-bib-0035){ref-type="ref"} ^,^ [^36^](#cptclpt2014131-bib-0036){ref-type="ref"}

There are a number of potential explanations for the relationship between piperacillin lung penetration and permeability. Methodologically, this is a small study with extreme PK variability in both the observed plasma and ELF drug concentrations. Multiplication of the measured pulmonary sample concentration by a dilution factor, derived from a comparison of urea concentrations in plasma and pulmonary samples,[^37^](#cptclpt2014131-bib-0037){ref-type="ref"} ^,^ [^38^](#cptclpt2014131-bib-0038){ref-type="ref"} may contribute to the greater variability observed in the pulmonary drug concentrations as compared with plasma concentrations. A possible biological explanation includes dilution of intrapulmonary piperacillin due to larger ELF volumes that are associated with increasing pulmonary permeability. Alternatively, β‐lactam antibiotics are substrates for organic anion transporters in other organs, such as the kidney.[^39^](#cptclpt2014131-bib-0039){ref-type="ref"} Disruption of an active transport system may occur in the injured lungs of critically ill patients, which exhibit increased permeability to protein. Another explanation may be that an increase in pulmonary protein permeability preferentially affects diffusion of piperacillin and tazobactam into and out of the lung. Therefore, in lungs with low protein permeability, piperacillin diffuses into the lung faster than it diffuses out. The reverse occurs in lungs with higher protein permeability. Validation of the negative correlation of pulmonary piperacillin penetration and pulmonary permeability is required in a similar clinical cohort.

Measurement of antimicrobial agents in ELF may not truly reflect drug concentration within other pulmonary subcompartments. Microdialysis techniques may provide a better estimate of pulmonary drug concentrations than bronchoalveolar lavage for quantifying drug concentrations in ELF.[^40^](#cptclpt2014131-bib-0040){ref-type="ref"} However, due to practical difficulties with pulmonary microdialysis, ELF sampling remains the most commonly utilized technique in both preclinical and clinical studies.[^17^](#cptclpt2014131-bib-0017){ref-type="ref"} ^,^ [^41^](#cptclpt2014131-bib-0041){ref-type="ref"} In this study we used NBL; NBL is a safe and effective way of sampling the lung and quantifying antimicrobial drug concentrations in the ELF of critically ill patients.[^42^](#cptclpt2014131-bib-0042){ref-type="ref"} NBL is less invasive than bronchoscopy and bronchoalveolar lavage, enabling multiple NBL samples to be collected throughout the dosing interval. The collection of two NBL samples from each patient, rather than one bronchoalveolar lavage sample, provides a more robust estimate of the concentration--time profile in the ELF of individual patients. Only one minor adverse event was reported following NBL.

For β--lactam antibiotics, the pharmacodynamic index that best links drug exposure with the antibacterial effect is the fraction of the dosing interval that the free drug concentrations are above the MIC.[^12^](#cptclpt2014131-bib-0012){ref-type="ref"} For piperacillin, an unbound piperacillin concentration above the MIC for at least 50% of the dosing interval is generally associated with near maximal efficacy (50% fT~\>MIC~).[^13^](#cptclpt2014131-bib-0013){ref-type="ref"} We recently demonstrated that a trough unbound piperacillin concentration to MIC ratio of \>3.4 is required to suppress the emergence of antimicrobial resistance (*C* ~min~/MIC \> 3.4).[^16^](#cptclpt2014131-bib-0016){ref-type="ref"} From the target attainment analysis ([**Figure 6**](#cptclpt2014131-fig-0006){ref-type="fig"}), the empirical administration of 4 g piperacillin three times daily, as a 30--min infusion (i.e., the MIC is not known), results in an 80% probability of attainment of a pharmacodynamic target of plasma 50% fT~\>MIC~ or a 77% probability of attainment of a pharmacodynamic target of 50% ELF T~\>MIC~. The probabilities of achieving the same pharmacodynamic targets increase to 86 and 82% for plasma and ELF, respectively, when the MIC is known and organisms with MICs beyond the breakpoint (i.e.,\>16 mg/l) are excluded. Therefore, 14--18% of patients with a "susceptible" organism will have suboptimal drug exposure. Furthermore, \~60% of patients will not achieve the plasma or ELF pharmacodynamic targets associated with suppression of antimicrobial resistance (*C* ~min~/MIC \> 3.4). This analysis identifies two important issues. First, 4 g piperacillin three times daily, as a 30--min infusion, is inadequate for effective treatment and suppression of emergence of antimicrobial resistance in an unacceptably high proportion of critically ill patients, and especially in those with pneumonia resulting from infection with a less susceptible organism. Second, the probabilities of achieving each of the pharmacodynamic targets (e.g., fT~\>MIC~ and *C* ~min~/MIC) in plasma and ELF are similar. Plasma piperacillin concentrations do not precisely predict ELF piperacillin concentrations. Consequently, some individuals with "sufficient" plasma piperacillin exposure will have inadequate ELF piperacillin exposures and vice versa. ELF rather than plasma exposure has been shown to predict outcome for other antimicrobial agents.[^17^](#cptclpt2014131-bib-0017){ref-type="ref"} The causative organisms were not isolated in our 17 patients, which makes exploration of the relationship between piperacillin plasma and ELF PK, as well as pharmacodynamic (fT~\>MIC~, *C* ~min~/MIC) and clinical outcomes, impossible. Further appropriately powered clinical studies are required to examine whether piperacillin exposure in plasma or ELF better predicts clinical outcomes.

The addition of tazobactam to piperacillin extends the activity of the β‐lactam to β‐lactamase‐producing strains of organisms such as Enterobacteriaceae, *Staphylococcus aureus*, *Haemophilus influenzae*, and *Moraxella catarrhalis*.[^43^](#cptclpt2014131-bib-0043){ref-type="ref"} The current regimen of piperacillin--tazobactam, at a fixed 8:1 ratio, is supported by *in vitro* studies.[^44^](#cptclpt2014131-bib-0044){ref-type="ref"} ^,^ [^45^](#cptclpt2014131-bib-0045){ref-type="ref"} ^,^ [^46^](#cptclpt2014131-bib-0046){ref-type="ref"} However, the pharmacodynamic index that best links β‐lactamase inhibitor exposure with effect is poorly defined. Both (i) the fraction of the dosing interval that the β‐lactamase inhibitor concentration is above a threshold (T\>threshold) and (ii) the area under the β‐lactamase inhibitor concentration--time curve have been suggested as the relevant pharmacodynamic indexes.[^47^](#cptclpt2014131-bib-0047){ref-type="ref"} ^,^ [^48^](#cptclpt2014131-bib-0048){ref-type="ref"} ^,^ [^49^](#cptclpt2014131-bib-0049){ref-type="ref"} The required concentration of β‐lactamase inhibitor is dependent on the amount and type of β‐lactamase.[^50^](#cptclpt2014131-bib-0050){ref-type="ref"} Tazobactam penetrates the lung of most critically ill patients, but there is marked variability. Therefore, a subset of patients may have insufficient pulmonary tazobactam concentrations to adequately inhibit some β‐lactamases that cause hydrolysis of piperacillin and clinical failure despite adequate piperacillin exposure. Increasing the tazobactam dosage (while maintaining the piperacillin dosage) may overcome β‐lactamase production, as has been demonstrated in an *in vivo* meningitis model.[^51^](#cptclpt2014131-bib-0051){ref-type="ref"} Because plasma tazobactam exposure does not reflect tazobactam exposure in ELF, the identification of patients with poor pulmonary tazobactam penetration is difficult and appears to require direct sampling from the lung.

In conclusion, the primary aim of this study was to develop and validate a mathematical model to describe piperacillin and tazobactam concentrations in plasma and the lung of critically ill patients. In addition, we showed an unexpected relationship of increased pulmonary permeability being associated with a reduction in pulmonary piperacillin penetration. We also demonstrated that predicting pulmonary piperacillin and tazobactam exposures on the basis of plasma drug exposures may be unreliable. Appropriately powered clinical trials are required to further define the relationship between plasma and pulmonary drug exposures and to establish the impact of pulmonary, rather than plasma, drug exposure on clinical outcome. In addition, preclinical and clinical studies are required to investigate mechanisms of lung penetration in patients with pneumonia. Biomarkers related to pulmonary permeability or drug penetration could be incorporated as covariates into mathematical models to improve predictions of pulmonary drug exposures. New regimens of piperacillin--tazobactam may be required that optimize drug concentrations in the lung, at the site of infection. It is likely that a single regimen is not suitable for all individuals. If ELF exposure is shown to predict clinical outcome with greater accuracy than plasma exposure, and covariates for pulmonary drug penetration cannot be identified, then direct measurement of drug concentrations in the pulmonary compartment and adjustment of individual regimens may be required.

METHODS {#cptclpt2014131-sec-0009}
=======

**PK study**. This was a prospective, open--label, single--arm PK study. The study was conducted in accordance with the Declaration of Helsinki and was approved in the United Kingdom by both the local research ethics committee and the Medicine and Healthcare Products Regulatory Agency (EudraCT number: 2011--004470--28). Intubated patients who received piperacillin--tazobactam for suspected or documented pulmonary infection at the University Hospital of South Manchester National Health Service Trust, Manchester, UK were eligible for inclusion. Piperacillin--tazobactam 4 g/0.5 g (Stragen, Reigate, UK) was administered over less than 30 min every 8 h except in patients with a creatinine clearance of \<20 ml/min or those on renal replacement therapy, who were administered the drug every 12 h. Written informed consent was obtained from the next of kin of all patients participating in the study. In addition, retrospective informed consent was obtained from all patients who survived and regained capacity to give consent. Demographic data (including age, sex, race, height, and weight), disease severity (by APACHE II and SOFA scores), underlying renal function, presence of renal replacement therapy, and clinical outcome were recorded.

Sampling was performed after administration of the first dose of piperacillin--tazobactam, if possible. All patients underwent sampling at steady state. The mean half‐life of piperacillin is ≈0.75 h, so patients were assumed to be at steady state by the second dose.[^9^](#cptclpt2014131-bib-0009){ref-type="ref"} A previously published, optimally designed sampling schedule was used to inform the timings for collection of the plasma samples.[^9^](#cptclpt2014131-bib-0009){ref-type="ref"} Plasma samples were collected at .5, 1.5, 2.5, 3.75, 5, and 6 h after initiation of the infusion for the first dose; immediately before the dose; and at .25, .75, 2, 3.5, and 4.5 h after initiation of the infusion at steady state. All plasma samples were collected in lithium heparin‐containing tubes. Immediately after collection, all plasma samples were centrifuged at 1,400*g* for 12 min. Samples were stored at −80 °C in 0.4‐ml aliquots before analysis.

NBL samples were assumed to be equivalent to bronchoalveolar lavage samples and were used for recovery of intrapulmonary samples.[^42^](#cptclpt2014131-bib-0042){ref-type="ref"} Two intrapulmonary samples were collected from each patient during the steady--state dosing interval. Samples were collected at .75 and 2 h or at .75 and 3.5 h after initiation of the infusion. Patients (i) requiring \> 80% inspired oxygen; (ii) requiring \> 12 cmH~2~o positive end expiratory pressure; (iii) in whom endotracheal suction led to a severe and prolonged desaturation; (iv) with severe bronchospasm; (v) with uncontrolled or persistently raised intracranial pressure; or (vi) with severe disseminated intravascular coagulation did not have NBL samples collected. Briefly, suitable patients were preoxygenated with 100% oxygen for 2 min before sampling. A suction catheter was introduced into the bronchial tree until wedged, and 20 ml of sterile normal (0.9%) saline was instilled over 5--10 s and then immediately aspirated. Typically, 10 ml of normal saline was recovered. Patients were monitored for 4 h after the NBL for signs of cardiorespiratory compromise. Immediately after collection, all NBL samples were filtered through a 48--µm filter and centrifuged at 2,000*g* for 10 min. Samples were stored at −80 °C in 0.5--ml aliquots before analysis.

**Piperacillin, tazobactam, urea, and protein assays**. Piperacillin and tazobactam concentrations in plasma and lavage fluid were measured using a validated liquid chromatography--tandem mass spectrometry method with an Agilent 6420 Triple Quad Mass spectrometer (Agilent Technologies UK, Cheshire, UK). Twenty microliters of extracted sample was injected onto a Synergi 4u Hydro RP 80A 100 × 2.0 mm column (Phenomenex, Cheshire, UK). The standard curves for piperacillin and tazobactam, encompassing the concentration ranges of 0.02--10.0 and 0.02--5.0 mg/l, respectively, for plasma and 0.02--10.0 mg/l for lavage fluid were constructed in plasma and blank lavage fluid, respectively. The standard curves were made from stock solutions of 1 mg/l of piperacillin and tazobactam, respectively. The internal standard was caffeine in water at 0.1 mg/l (Sigma Aldrich, Dorset, UK). The between--day coefficients of variation were \<17.4% for piperacillin and \<15.5% for tazobactam. The lower limit of detection for piperacillin and tazobactam in plasma and lavage fluid was 0.02 mg/l.

Urea concentrations in plasma and lavage fluid were performed using a colorimetric technique (QuantiChromTM Urea Assay Kit DIUR--500, Gentaur BVBA--Bioxys, Kampenhout, Belgium). The standard curve for the urea assay is linear over a concentration range of 0--100 mg/dl. Plasma samples were diluted at 1:5 before measuring urea concentration. Drug concentrations in NBL samples were assumed to reflect ELF drug concentrations after correcting for the dilution introduced by lavage sampling, using the urea dilution method.[^37^](#cptclpt2014131-bib-0037){ref-type="ref"} ^,^ [^38^](#cptclpt2014131-bib-0038){ref-type="ref"} Urea concentration was assumed to be the same in plasma and ELF. Therefore, comparison of urea concentrations in the plasma and lavage fluid enables an estimation of the dilution caused by instillation of lavage fluid to the lung. The concentrations of piperacillin and tazobactam in ELF were estimated using the following formula:

where \[Drug\]~ELF~ and \[Drug\]~lavage~ are the concentrations of either piperacillin or tazobactam in ELF and lavage fluid, respectively. \[Urea\]~plasma~ and \[Urea\]~lavage~ are the concentrations of urea in the plasma and lavage fluid, respectively.

Pulmonary permeability was assumed to be proportional to the ratio of the mean total protein concentrations in plasma and ELF.[^33^](#cptclpt2014131-bib-0033){ref-type="ref"} Total protein was quantified in plasma using the total protein assay on an Abbott Architect C16000 (Abbott Laboratories, North Chicago, IL). This colorimetric assay uses biuret reagent to detect the presence of peptide bonds. The limit of detection for total protein was 0.5 g/dl. The limit of quantification was 0.76 g/dl. The imprecision of the total protein assay is ≤3% of the total coefficient of variation. Protein in ELF was quantified using a UPro assay on an Abbott Architect c8000 (Abbott Laboratories). This assay uses a turbidimetric procedure in which benzethonium chloride is used as the protein denaturing agent. The limit of quantification and detection for the UPro assay is 6.75 mg/dl. The imprecision of the assay is ≤7.8% of the total coefficient of variation. ELF protein concentration was corrected for dilution using the urea dilution method described above.

**Population PK analysis**. All data were analyzed using a population PK methodology with the nonparametric adaptive grid (NPAG) program Pmetrics 1.1.3.[^52^](#cptclpt2014131-bib-0052){ref-type="ref"} For both piperacillin and tazobactam, a three‐compartment structural mathematical model was assumed to be most appropriate for population analysis.

The differential equations for the three‐compartment structural mathematical model used are shown above. *X* ~1~, *X* ~2~, and *X* ~3~ are the amounts of piperacillin (in mg) in the central, peripheral, and ELF compartments, respectively. *R*(1) represents the infusion of piperacillin. *Cl* (l/h) is the clearance, and *V* ~c~ is the volume of the central compartment (L). *k* ~cp~, *k* ~pc~, *k* ~cELF~, and *k* ~ELFc~ are the first‐order intercompartmental rate constants between the central and peripheral and central and ELF compartments, respectively. Covariates were not included in the structural model.

Elimination and movement of drug to and from the central compartment to the peripheral or ELF compartments was a first‐order process. The PK data were weighted by the inverse of the measured assay variance for both piperacillin and tazobactam. Samples with drug concentrations below the limit of assay quantification were excluded from analysis. A polynomial describing the assay variance was derived from regression of the measured mean drug concentrations and the SD for samples with known high and low piperacillin and tazobactam concentrations. The means, medians, and SDs of the population parameters were estimated. Bayesian posterior estimates for each parameter were also obtained for each patient (using the "population of one" utility in NPAG). Scatter plots of observed vs. predicted piperacillin concentrations were examined for the population as a whole and for individual patients. The fit of the structural model to the data was assessed using (i) the log‐likelihood value; (ii) the coefficients of determination (*r* ^*2*^), and the slope and *y*‐intercept from regression of the observed‐predicted plots before and after the Bayesian step; and (iii) the Akaike information criterion.

Intercompartmental clearance and the volume of the peripheral compartment was estimated algebraically using the equation below.

where *Q* is the intercompartmental clearance (in l/h); *V* ~c~ and *V* ~p~ are the volumes of the central and periperpheral compartments, respectively; and *k* ~cp~ and *k* ~pc~ are the intercompartmental rate constants (h^−1^).

**External validation of the population PK analysis**. All simulations were performed in ADPAT 5 (ref. [53](#cptclpt2014131-bib-0053){ref-type="ref"}). Observed data from a previous pharmacokinetic study were used as a validation data set.[^22^](#cptclpt2014131-bib-0022){ref-type="ref"} In this study, by Boselli *et al.*,[^22^](#cptclpt2014131-bib-0022){ref-type="ref"} 40 patients were administered a 30‐min intravenous loading dose of piperacillin--tazobactam 4/0.5 g followed by a daily continuous infusion of either 12/1.5 or 16/2 g. Three plasma samples (at least 4 h apart) and one NBL sample were collected after at least 48 h of piperacillin--tazobactam. Monte Carlo simulations were performed for 5,000 subjects using the regimens utilized by Boselli *et al.* [^22^](#cptclpt2014131-bib-0022){ref-type="ref"} The parameter estimates (estimates of, e.g., clearance and volume) from the population PK analysis outlined in our study (rather than the Boselli study) were utilized. The median and 5th, 25th, 75th, and 95th percentile piperacillin and tazobactam concentrations in plasma and ELF from the simulation were plotted. The observed piperacillin and tazobactam concentrations in plasma and ELF, from Boselli *et al.* [^22^](#cptclpt2014131-bib-0022){ref-type="ref"}, were overlaid on the simulated data. A visual inspection was made of the ability of the population PK model to predict the validation data.

**Simulations to estimate piperacillin--tazobactam exposure in plasma and ELF**. Monte Carlo simulation was performed using a 5,000--subject simulation. The mean parameter vector and the full covariance matrix from the population PK analysis was embedded in subroutine PRIOR of the ADAPT5 program.[^53^](#cptclpt2014131-bib-0053){ref-type="ref"} ^,^ [^54^](#cptclpt2014131-bib-0054){ref-type="ref"} Normal and log--normal parameter distributions were explored in the simulations. The ability to recapitulate the original parameter values and their dispersions was used to select which parameter distribution was selected. For piperacillin and tazobactam, the median and 5th--percentile, 25th--percentile, 75th--percentile, and 95th--percentile total, unbound, and ELF concentrations for the population were identified every hour. Again, a regimen of piperacillin--tazobactam 4/0.5 g, administered over 30 min, every 8 h, was used for the simulations. The unbound plasma and ELF AUCs for both drugs were calculated for the fifth dose (32--40 h after initiation of therapy).

Simulations for each of the 17 patients were performed using the Bayesian posterior (individual) parameter estimates (i.e., clearance, volume of the central compartment, and intercompartmental rate constants). A regimen of piperacillin--tazobactam 4/0.5 g, administered over 30 min, every 8 h, was used for the simulations, except for those for the three patients administered piperacillin--tazobactam 4/0.5 g, administered over 30 min, every 12 h, due to renal impairment. For both piperacillin and tazobactam, the AUC was estimated for plasma, for the unbound plasma fraction, and for the total ELF. Protein binding for both piperacillin and tazobactam was assumed to be 30%.[^55^](#cptclpt2014131-bib-0055){ref-type="ref"} The AUCs were calculated at steady state (five doses/32 h after initiation of therapy for patients with an estimated glomerular filtration rate ≥ 20 ml/min or four doses/36 h after initiation of therapy for patients with an estimated glomerular filtration rate \< 20 ml/min). The correlations of total ELF to unbound plasma exposure for both piperacillin and tazobactam were assessed. Similarly, the correlations of pulmonary permeability to pulmonary piperacillin and tazobactam penetration ratios were assessed. All correlations were analyzed using the Spearman rank test (GraphPad Prism version 5 for Windows, GraphPad Software, San Diego, CA, <http://www.graphpad.com>).

Finally a 5,000‐subject simulation was performed using 4 g piperacillin, administered over 30 min, every 8 h. The fraction of simulated subjects who achieved six predefined pharmacodynamic targets for a range of MICs from 0.5 to 128 mg/l was determined. The pharmacodynamic targets, assumed to be relevant in critically ill patients, were an unbound plasma or ELF piperacillin concentration above the MIC for 50% of the dosing interval (50% fT~\<MIC~), 100% of the dosing interval (100% fT~\<MIC~), or a trough piperacillin concentration to MIC ratio of ≥3.4. The cumulative response of patients, with a range of MICs defined as susceptible to piperacillin and achieving each of the pharmacodynamic targets, was estimated using a published MIC distribution for organisms causing hospital‐acquired and ventilator‐associated pneumonia.[^26^](#cptclpt2014131-bib-0026){ref-type="ref"}
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